Our understanding of protein and lipid trafficking in eukaryotic cells has been challenged by the finding of different forms of compartmentalization and cargo processing in protozoan parasites. Here, we show that, in the absence of a Golgi compartment in Giardia, proteins destined for secretion are directly sorted and packaged at specialized ER regions enriched in COPII coatomer complexes and ceramide. We also demonstrated that ER-resident proteins are retained at the ER by the action of a KDEL receptor, which, in contrast to other eukaryotic KDEL receptors, showed no interorganellar dynamic but instead acts specifically at the limit of the ER membrane. Our study suggests that the ER-exit sites and the perinuclear ER-membranes are capable of performing protein-sorting functions. In our view, the description presented here suggests that Giardia adaptation represents an extreme example of reductive evolution without loss of function. Figure 1A) . However, the way in which this group of organisms traffic proteins to specific compartments, either by using conserved or differential structures, and the identity of the molecules that determine target specificity are still open questions in the field.
| INTRODUCTION
The pathways by which eukaryotic cells sort and transport proteins to their final destinations are remarkably diverse. Many protozoan parasites constitute extreme examples of this diversity, either because they have evolved specific organelles (eg, rhoptries, glideosomes, etc.), 1, 2 partially utilize the host machinery for protein secretion, 3 or lack endomembrane compartments otherwise conserved across the eukaryotic phylogeny. Once assumed simple organisms, parasites are now considered models of highly specialized cellular systems. The quest for the evolutionary mechanisms behind this diversity constitutes a fascinating endeavor that can be approached by considering all possible evolutionary paths. During the past decades, many groups have focused on understanding how protozoan parasites traffic proteins to specific compartments, acknowledging the essentiality of this process in host colonization, host-defense evasion and survival. The Giardia genus constitutes a good example of unicellular organisms that have suffered profound transformations in their endomembrane system to yield what is now believed to be a highly specialized protein-trafficking system ( Figure 1A ). However, the way in which this group of organisms traffic proteins to specific compartments, either by using conserved or differential structures, and the identity of the molecules that determine target specificity are still open questions in the field. [4] [5] [6] [7] In eukaryotic cells, proteins destined for secretion must pass through a series of membranous compartments before reaching their final destination. The consensus is that, after their synthesis, proteins containing signal peptides are transferred to the endoplasmic reticulum (ER) lumen and later, when they get the correct conformation, † Present address Weill Cornell Medicine, Department of Medicine, Division of Hematology and Medical Oncology, 1300 York Avenue, Room C-640, New York, NY 10065.
ABBREVIATIONS: BFA, brefeldin A; DAB, diaminobenzidine; ER, endoplasmic reticulum; ERES, ER exit sites; ESVs, encystation-specific vesicles; GFP, green fluorescent protein; NE, nuclear envelop; PNM, perinuclear ER membranes; PVs, peripheral vacuoles; SNARE, soluble NSF attachment protein receptor; TEM, transmission electron microscopy; TGN, trans-Golgi network; VSPs, variant-specific surface proteins they are transported to the next membranous compartment, the Golgi apparatus.
Easily recognized by its morphology, the Golgi complex is the main station of posttranslational modification, protein maturation and protein and membrane sorting and trafficking. 8 Our current understanding of the ER-to-Golgi transport involves the sequential action of the COPII and COPI coat complexes which connect these compartments by a bidirectional membrane flux. In most eukaryotic cells, COPII-coated vesicles bud from specific sites of the ER, called ER exit sites (ERES), defined as structures of the transitional ER enriched in COPII. 9 The first step in the COPII coat assembly is the activation of the GDP-bound form of the small GTPase Sar1 by its exchanging factor Sec12. Sar1-GTP exposes a hydrophobic N-terminus that mediates the association of Sar1 to ER membranes. 10 Once anchored to the ER, Sar1 recruits the Sec23-Sec24 heterodimer, which in turns mediates the interaction between the COPII coat and the cargo, leading to the formation of a stable prebudding complex. The final step in the coat assembly is the recruitment of the Sec13-Sec31 heterodimer to the budding complex, inducing coat polymerization and membrane deformation. 11 Soon after budding, GTP hydrolysis on Sar1 triggers vesicle uncoating. 12 The equilibrium established between coat assembly and disassembly has important implications for vesicle budding 13 and cargo selection. Transmembrane and soluble cargoes are included in COPII vesicles either by directly interacting with Sec24 coat subunits or indirectly through transmembrane cargo adaptors/receptors, respectively. 14 This selected binding involves specific export-signal sequences in the cytoplasmic domains of cargo proteins that comprise dihydrophobic, diacidic, C-terminal hydrophobic and aromatic motifs. 15, 16 However, this simple capture mechanism has been challenged by the selection and packaging of cargoes larger than COPIIcoated vesicles. 17 Further studies of the mechanism behind cargo selection and export from the ER are necessary to provide key insight into the control of the budding process that seems to be more complex than previously thought. While COPII vesicles export proteins from the ER, retrograde transport from the Golgi to the ER is mediated by COPI coated vesicles. 18 This complex can be defined at a molecular level by their membrane origin and their coat proteins. 19 The recruitment of the COPI complex to the Golgi membranes requires the small GTPase ARF1, which in its GTP-bound form promotes COPI coat assembly and it is the target of the fungal metabolite brefeldin A (BFA), 20, 21 widely used as a protein transport inhibitor in mammalian cells and yeast. 20, 21 Initial analysis of COPI coated vesicles led to the identification of 4 large protein subunits (α-, β-, γ-and δ-COP) but additional components of the coatomer were later discovered and identified as β 0 -COP, ε-COP and ζ-COP. 22 Another member of the COPI machinery is the KDEL receptor (KDELR), which recognizes a 4-amino acid signal peptide present at the C-terminus of many ERresident proteins. 23 Although these coat components are highly conserved across the eukaryotic phylogeny, particular forms of protein cargo, membrane recruitment, and sorting have been discovered in many unicellular organisms. This suggests that ER-Golgi trafficking pathways have been rewired during the evolution of eukaryotic cells.
In Giardia, the ER extends symmetrically from both nuclear membranes throughout the cell body, constituting the largest organelle in this cell. The very existence of a complex ER network became clear at the time when the giardial ER-chaperone Hsp70/BiP was described. 24, 25 The ER is recognized by the extensive perinuclear cisternae but it also extends close to the plasma membrane of the trophozoite being the main intracellular compartment outside of the nuclei. 26 Despite the great structural diversity of the Golgi complex among eukaryotes, its basic molecular composition and function are well conserved. Intriguingly, differential protein sorting takes place in Giardia, even if it lacks a Golgi-like organelle and some of the conserved secretory components. [4] [5] [6] [7] Perinuclear structures similar to Golgi stacks have been seen, in growing and encysting trophozoites, 27, 28 by using a fluorescent ceramide analog, NBD-C6
Ceramide, which specifically stains the Golgi membranes in eukaryotic cells, such as mammalian cells, insect cells and fungi. 28 Although NBD-C6 Ceramide appears to preferentially accumulate on perinuclear regions of the parasite, it has not yet been possible to establish a link between the regions marked with the fluorescent analogue and the cisternae-like structures observed by electron microscopy. 29 Strikingly, treatment with BFA induced redistribution of fluorescent ceramide from the perinuclear region to the ER in this parasite. As a consequence, the perinuclear membrane structure was suggested to play Golgi sorting functions during Giardia growth and encystation for many years. Also, both the ARF protein and the COPI complex were observed associated to small structures around the nuclei and their locations were sensitive to BFA. 30 Nevertheless, no colocalization of these proteins with NBD-C6 ceramide was tested. The secretory vesicles called ESVs (encystation-specific vesicles), which originates de novo during the encystation process, were claimed to be post-ER compartments with Golgi characteristics, although neither sorting of excretory/secretory proteins nor biosynthetic functions are particularly related to the neogenesis and maturation of the ESVs. 31 In the presence of the stimuli that trigger encystation, the CWM (cyst wall material), composed of a matrix containing CWP1-3 (cyst wall proteins 1-3) is transported into the ESVs formed de novo. In this sense, ESVs constitute a regulated secretory pathway that operates in parallel with the transport of the other component of the fibrillary cyst wall, the β-1,3-GalNAc homopolymers, 32 the constitutive pathway involved in the transport of variant-specific surface proteins (VSPs) and lysosomal peripheral vacuoles (PVs)-resident proteins. [33] [34] [35] The ESVs are heterogeneous in size and number and can be connected to some extent by a tubular network. 36 Very often, ESVs are observed in the perinuclear region and sometimes in intimate relationship with the nuclear envelope. The morphology of the ESVs is also very variable, may present elongated or geometric shapes. 36 In many eukaryotic cells, the genesis of secretory granules can be decomposed into 3 stages 37, 38 : (1) Selective condensation of secretory proteins forming a dense core, (2) selection of the membranes surrounding the protein aggregate and (3) generation and release of the secretory granule. From the structural point of view, the ESVs present many secretory granule characteristics. 36 Because in most eukaryotic cells secretory granules are generated at the TGN (trans-Golgi Network), 37, 38 in the absence of an analogous organelle in this parasite, we suggest that the ESVs are formed directly from specific regions in the ER, that harbor trans-Golgi features. In a recent
paper Faso et al, reported that members of COPII complex, Sec23
and Sec24 (GlSec23 and GlSec24) were located at specific sites of ER, in which the initial accumulation of CWM and formation of ESVs takes place. 39 In addition, Faso et al showed that the acquisition of the ESV characteristic and morphology depends on the small GTPase Sar1 (GlSar1). 39 The same group, have shown that the β-COP subunit of COPI localized in the ESVs later on encystation. 39 In this work, we showed that the protein and lipid sorting function is achieved by the ER in this parasite. We found that both, the perinuclear ER membranes (PNM) and the ERES are involved in the sorting and selection of the ESVs proteins and membranes via COPII and I complexes. We described a novel mechanism for ER-resident proteins retention by the giardia KDELR, which suggests that the COPI components may not act through canonical mechanisms in this parasite. Although our knowledge of this specific secretory pathway is continuously in progress, the dynamic of this process have not been explored. Here, we have further characterized it by using quantitative time-lapse imaging, FRET and electron microscopy. Our data demonstrate that the mechanisms underlying ESVs de novo biogenesis is orchestrated by multiple regions of the ER.
| RESULTS

| Specific regions of the ER contain TGN characteristics in growing and encysting trophozoites
Fluorescent ceramide analogues have been used for specific labeling of Golgi membranes in many cell types and were shown to be targeted into perinuclear ER membranes (PNM) in growth and encysting Giardia trophozoites. 28, 30, 40, 41 In addition, it was suggested that Giardia depends on exogenous ceramide to synthesize complex ceramide/ sphingolipid, which make up the enveloping membranes of ESVs. 42 More recently, it was shown that COPII complex proteins, GlSec23
and GlSec24, localized at specific sites of the ER, later defined as ERES. 39 Without a post-ER compartment in charge of protein sorting and glycosylation, we questioned whether some of its functions could be carried out by these particular ER membranes in this parasite.
Although no O-glycosylation takes place in Giardia, specific protein sorting does occur, 43 Again, the organization of the stained membranes was disturbed after BFA treatment ( Figure 1C , e). At 6 h.p.i., we were able to observe that precipitated DAB was staining the dilated ER membranes forming clefts that, eventually, enlarged into ESVs ( Figure 1C , c). 36 The formation of these clefts was observed close to the NE but also at specific points in the ER ( Figure 1C , g-i), in accordance with the enlargement of ceramide structures observed at this time point by confocal microscopy. As in the previous cases, the organization of these membranes was sensitive to BFA ( Figure 1C , f, j, k, l). Altogether, these results
showed that both the PNM structures surrounding the NE along with the ER regions resembling ERES were enriched in ceramide analogs in a specific manner, suggesting the existence of a resemblance in the lipid composition between these portions of the giardial ER and the TGN of mammalian cells. Moreover, the sensitivity of these membranes to BFA reinforces the Golgi-like properties of these structures (see discussion).
| Ceramide is recruited to ESVs membranes from ERES
To analyze whether the ER regions previously observed by the staining with Bodipy FL C5-ceramide corresponded to ERES, we used NBD-C6 ceramide, a vital stain for the Golgi apparatus that possess a fluorescence emission maxima at 515 nm (green) with no emission in the red spectrum. This allowed double staining of glsec23ha transgenic trophozoites for both Golgi-like membranes and HA-tagged Previous work has shown that Bodipy-TR ceramide, a fluorescent analog equivalent NBD-C6 Ceramide, was associated specifically to nascent ESVs located at the periphery of the nuclei. 40 
| COPII members interact with CWP1 at the ERES and promote ESVs biogenesis
Past and recent reports suggest that ESVs are generated either from tubular-vesicular membranes close to the NE or from ERES from COPII vesicles in charge of CWP nucleation. 30, 39 Based on our previous results, we hypothesized that both the ER membranes close to the NE and the ERES are involved in ESV genesis. To test our hypothesis, we analyzed the physical and functional interaction between components of the COPII complex and the vesicle cargo CWP1. In mammalian and fungi cells, the Sec23/Sec24 COPII subcomplex recruits cargo proteins by directly interacting with them or through protein adapters. 45 In the case of Giardia, it was shown that GlSec23 and GlSec24 were spatially associated with CWP1 during the genesis of ESVs, but it was unclear whether this association implied a physical interaction between the scaffold proteins and the cargo. 39 To address the nature of this relationship we study the encystation process in glsec23ha transgenic trophozoites. Immunofluorescence assays showed that GlSec23-HA and CWP1 partially overlapped at the ERES at 6 h.p.i. (Figure 3A ). In contrast with previous reports suggesting that the interaction between CWP1 and COPII components specifically occurs very early in the biogenesis of ESVs, 39 we observed a close association even at 12 h.p.i ( Figure 3A ).
Interestingly, a minor association between these proteins was observed in mature "ring-like" ESVs at 24 h.p.i. (Figure 3A ). To prove that GlSec23 and CWP1 are in close association even once ESVs are completely formed, we decided to perform a quantitative colocalization analysis using FRET. As shown in panel B of Figure 3 , the FRET map revealed that while GlSec23 and CWP1 colocalized in all ESVs, the amount of colocalization was higher during the first steps of ESV genesis (immature ESVs) ( Figure 3B , red arrow on the inset 1), than in bigger vesicles with a "ring-like" distribution of CWP1 (mature ESVs) ( Figure 3B , white arrow on the inset 2).
To finally determine if the overlap observed between GlSec23
and CWP1 is the manifestation of a physical interaction between both proteins, we performed an immunoprecipitation (IPP) assay using 12 h.p.i. glsec23ha trophozoites. When an anti-HA mAb was used to immunoprecipitate GlSec23-HA, a coIPP of the 26 kDa CWP1 band was observed, suggesting the existence of a physical interaction between the Sec23/Sec24 complex and the cargo CWP1
( Figure 3C ). This last observation lead us to hypothesize that if the Sec23/Sec24 complex acts as a scaffold during CWP recruitment, the overexpression of its components should have an effect in the number of ESVs formed. We therefore performed an immunofluorescence assay on encysting glsec24ha and glsec23ha trophozoites and quantified the number of ESVs at different time points during the encystation process. As can be seen in Figure 3D , transgenic trophozoites reach a peak in the number of ESVs faster than wild-type trophozoites, while significant differences in the number of vesicles between wild-type and transgenic parasites were not observed.
| The GlBiP chaperone protein is recruited to the ERES during encystation but is excluded from mature ESVs
In Giardia, the ER symmetrically surrounds the nuclei, being in close association with the NE and occupying almost all the cytoplasm of the cell. 46, 47 Nonetheless, the giardial ER was not properly characterized until 1996, when the ER-chaperone BiP was described in this parasite. 24 GlBiP is a homologue of the Hsp70 family, an ER lumen resident protein family involved in the folding process of newly synthesized proteins. GlBiP possesses a signal peptide at its Nterminal and a classical KDEL retention signal at its C-terminal. In growing trophozoites, GlBiP is located in the lumen of the ER network and as a consequence it has been used as a specific marker for the ER. 24, 47 Previous work suggested that GlBiP can be transported inside the ESVs, raising questions about GlBiP function during encystation. 24, 48 Later, it was pointed out that GlBiP was exported within
ESVs, but retrieved back to the ER via its C-terminal KDEL signal.
However, this hypothesis was only supported by experiments using a GlBiP variant in which the KDEL retrieval signal was replaced by a NDDL sequence, which lacked the capacity to maintain its ER localization. 49 Taking all the available information together, we envisioned 2 scenarios: (1) GlBiP "escapes" the ER during encystation and is returned back by the action of a GlKDELR (Giardia lamblia KDEL receptor), which in other eukaryotic cells works in association with the COPI machinery to return ER-resident proteins from the Golgi to the ER or (2) given the absence of Golgi in Giardia, it is possible that GlKDELR and the COPI system retain GlBiP at the ER rather than recycling it back from the ESVs. To address these 2 possibilities, we first investigated the localization of GlBiP ate different (Figure 4B ,C). Because these results appeared to contradict those reported in the literature, 48, 50 we decided to go further and investigate the function of the putative giardial KDEL receptor (GlKDELR) and its role in preventing GlBiP to escape the ER during encystation.
| The giardial KDEL receptor possesses unusual features
Two main functions have been described for KDEL receptors:
(1) the recycling of chaperone proteins that escape the ER and reach the Golgi 51 and (2) the anterograde trafficking of proteins and membranes within the Golgi apparatus. 51, 52 Typically, KDELRs display 7 transmembrane (TM) segments, with a luminal N-terminus and a cytoplasmic C-terminus. 53 There is only a single Giardia KDEL Figure S1A and Table S1 , Supporting Information). Sequence analysis of GlKDELR suggested conserved TMs but different transmembrane prediction sites [54] [55] [56] showed dissimilar amount of predicted TM for GlKDELR. To resolve the topology of the GlKDELR, we constructed an N-and a C-tagged-GlKDELR and performed proteinase K (PK) protection assay in IFA and confocal microscopy. This assay revealed the intramembrane orientation of the receptor by a restricted proteolytic digestibility. 57 Thus, GlKDELR-HA or eGFPGlKDELR were stable expressed yielding glkdelr-ha or egfp-glkdelr trophozoites, respectively, and utilized in the PK assay. The results
showed that both the GFP of eGFP-GlKDELR and the ER-luminal GlBiP (control) were protected by ER-microsomal membranes when treated with digitonin (which selectively permeabilized the plasma membrane) and PK ( Figure S1B ), while the HA epitope of GlKDELR-HA was not ( Figure S2C , line 3, upper panel). As expected, no signals were detected when PK was used after Triton X-100 permeabilization ( Figure S1B ). Control of glkdelr-ha or egfp-glkdelr trophozoites permeabilized by 1% Triton X-100 without PK showed the presence of both proteins ( Figure S1B ). Addition of PK alone did not present proteolytic digestibility (not shown). These results confirmed a bitopic N lumenal /C cytoplasmic topology of GlKDELR. Figure 5D ). In addition, when we examined the localization of the eGFP-GlKDELR after treatment with BFA, we observed that it was disseminated from the ERES to the ER ( Figure S2B ), in a similar pattern of GlBiP expression and clearly different to the cytoplasmic distribution of GlSec23-HA observed in GlSar1-inactive mutant cells. 60 Altogether, these results point to an internal movement of GlKDELR through the ER membranes reaching a stable distribution at the ERES of growing and encysting trophozoites.
| GlKDELR interacts with GlBiP during encystation
To disclose whether GlKDELR plays a role in ER-protein retrieval dur-
ing ESV formation, we tested if the receptor was able to physically interact with GlBiP. We first analyzed the colocalization between GlKDELR-HA and GlBiP in encysting trophozoites and, as can be seen in the Panel A of Figure 6 , there was a high degree of colocalization between both proteins in glkdelr-ha encysting parasites. We went further and quantified the amount of interaction between GlBiP and eGFP-GlKDELR at different times during the encystation process. Although many of these aspects were partially addressed in the past, the identity of the membranes surrounding the ESVs was never determined until this work. Using photooxidation and TEM, we were able to reveal that ceramide is a structural component of the ESVs,
showing that these post-ER compartments contain similar lipid composition as the one found at the ERES and PNMs. Further cellular lipidomic approaches, like mass spectrometry, will disclose the lipid composition of the ESVs.
In mammalian cells, vesicles that traffic proteins from the ER to the Golgi complex are coated by COPII coatomer complex proteins, which assembly is regulated by the small GTPase Sar1. 67, 68 It was suggested many years ago that ESVs, the only recognizable post-ER compartment during encystation, constituted Golgi-like organelles. 31 Since then, data pulling in favor and against this claim have come to light. 28, 36, 48, 49, [69] [70] [71] On one side, it was shown that ERES were the sites where the initial accumulation of CWM took place during ESV neogenesis and from where, once formed, the ESVs were enriched in COPI coat proteins and clathrin. 39 In accordance with these results, it was also demonstrated that CWM, together with some of the proteins described, redistributed into the ER after treatment with BFA. 30, 40 On the other hand, neither glycosylation nor protein sorting took place in the ESVs. As Giardia exhibit many distinctive features, it would be not surprising that protein sorting and trafficking are performed in a way that differs from classical pathways. Here, we showed that the COPII component GlSec23 is placed at the ceramide-enriched site of ESVs genesis and physically interacted (directly or indirectly) with the cargo CWP1. We observed that, at 3 h.p.i., GlSec23 was located at the PNMs and ERES and, as the process went along; GlSec23 colocalized with CWP1 but later was found surrounded the already formed ESVs. It has been shown that nascent ESVs are dissociated from the ERES early in the encystation process. 70 However, we observed that GlSec23 and CWP1 remain associated with mature ESVs. This difference could be explained by the fact that WB-C6 clone (strain ATCC 50803/WB clone C6) 39 and WB1267 clone (strain ATCC 50582/WB clone 1267) (this work) It is well known that the Arf and the Arf-like protein families are involved in the COPI coat recruitment to Golgi membranes. 75 All but one subunit of the COPI complex and one Arf1 homologue are present in the Giardia genome and have been suggested to participate in ESV maturation. 70 The finding that the ESVs redistribute into the ER after the addition of BFA points out to the role of the protein composition of these membranes. In the absence of a Golgi complex, it is possible that the maintenance of PNM and ERES structures depends on GlArf1 in Giardia. This is supported by evidence of recruitment of COPI components to the PNM and ERES and the key role of GlArf1 in ESV formation. 30, 69, 70 However, molecules involved in the COPII coatomer function were shown to be also important in the maintenance of these structures, evidencing the versatility of the giardial ER Golgi and ER membranes 76 leading to the adsorption of the Golgi by the ER. In Giardia, both constitutive and regulated protein trafficking were shown to be affected by BFA, 30, 34 suggesting that vesicle tethering factors and v-SNAREs might play critical roles in vesicle trafficking in the parasite. Unfortunately, although some tethering factors and SNARE proteins homologues have been described, the lack of functional studies limits our knowledge to the involvement of these proteins in the trafficking processes of this parasite. For instance, only the ER-Golgi-associated tethering protein TRAPPI (transport protein particle) is present in the Giardia genome and few of many v-and t-SNARE, homologous to Golgi SNAREs from other organisms, showed ER and ERES-like localization in either growing and encysting trophozoites. 71 Our findings leave open the question of which of these proteins might be involved in the ESVs targeting and fusion.
The KDELR plays an important role in COPI function, by participating in the recycling of ER-resident proteins back from the Golgi in most eukaryotic cells. 51 In In previous works, GlBiP was observed in ESVs during encystation 24 and a possible function on CWM stabilization was proposed for this protein. 48 Later, Steffanic et al showed that a recombinant GlBiP-HA stayed associated with the ER and do not overlap with CWM, but its mutant NDDL-BiP-HA (which KDEL motif was exchanged to an NDDL motif ) scape from ER to the ESVs. 49 In this work, we showed that GlBiP is essentially excluded from the ESVs localizing primarily in the ER, together with the KDELR, in close association with the ESVs. This is consistent with the finding that the PDIs are exclusively localized at the ER and excluded from other compartments like the ESVs. 49 Our results suggest a novel, nonclassical function for the GlKDELR in this parasite, retaining ER-resident proteins within the ER and preventing the incorporation of these pro- 
The CWM is transported inside ceramide-enriched ESVs while
GlBiP is retained at the ER, neighboring the nascent ESVs.
The endomembrane system is a distinctive feature of the eukaryotic organization and has played an essential role in the adaptation to parasitism in many protozoan organisms. Our work highlights the versatility of the Giardia ER acting as a core facility in the absence of a Golgi complex. More importantly, we have shown how reductive evolution can reorganize preexistent cellular structures to give rise to novel functions.
| MATERIALS AND METHODS
| Antibodies and other reagents
Fluorescein (FITC) conjugated anti-CWP1 monoclonal antibody and biotin-conjugated anti-CWP1 were purchased from Waterborne Inc.
Anti-HA, HRP-labelled anti-HA, and FITC-labelled anti-HA mAbs were purchased from Sigma; 9C9 mAb was employed to detect the GlBiP protein. 24 
| Giardia cell lines and vectors
Trophozoites of the isolate WB, clone 1267, 77 were cultured in TYI-S-33 medium supplemented with 10% adult bovine serum and 0.5 mg/mL bovine bile, as previously described. 78 These trophozoites were used as hosts for the expression of transgenic genes and as non-transfected controls. The glsec23, glsec24, glcwp2 and glkdelr open reading frames were amplified from genomic DNA using the oligonucleotides described in Table S2 , cloned into the plasmid pTubHAc-pac 35 or the peGFP-pac or pmCherry-pac generated from the pTubHApac N-terminal vector. 25 All vectors contained a puromycin cassette under the control of the endogenous non-regulated glutamate dehydrogenase promoter for cell selection. Stable trophozoite transfection was performed as previously described. [79] [80] [81] [82] [83] Drugresistant trophozoites were usually apparent by 7 to 10 days posttransfection. Finally, samples were processed for electron microscopy.
| Labelling membranes with fluorescent ceramides
| Transmission electron microscopy
TEM was performed as described 85 Thin sections were observed in a Zeiss 109 electron microscope. 
| Video microscopy
| Immunofluorescence assay
IFA of fixed cells was performed basically as described. 86 Briefly, trophozoites or encysting cells were cultured in growth medium or encysting medium, respectively, harvested and allowed to attach to slides, pretreated with poly-L-lysine (Sigma). After fixation with 4%
formaldehyde (Sigma) in PBS, the cells were washed and blocked with 10% normal goat serum (Invitrogen) in 0.1% Triton-X100 in PBS.
Cells were then incubated with the primary Ab diluted in PBS containing 3% normal goat serum and 0.1% Triton-X100 at 37 C (Table S2) , followed by incubation with Alexa 488, Alexa 555, FITC o
Texas red anti-mouse (dilution 1:500) secondary antibody at 37 C (Table S2) . Finally, preparations were washed with PBS and mounted in Vectashield mounting medium (Vector Laboratories). Fluorescence staining was visualized with a motorized FV1000 Olympus confocal microscope (Olympus UK Ltd), using ×63 or ×100 oil immersion objectives (NA 1.32). The fluorochromes were excited using an argon laser at 488 nm and a helio-neon laser at 543 nm. Detector slits were configured to minimize any cross-talk between the channels. Differential interference contrast images were collected simultaneously with the fluorescence images, by the use of a transmitted light detector. Images were processed using Fiji software. 
87
| Immunoprecipitation assay
IPP assay was performed basically as described. 91 Briefly, wild-type or glsec23-ha transgenic trophozoites lysate was centrifuged at 2000 ×g for 10 minutes at 4 C, and the supernatant mixed with anti-HA and incubated overnight at 4 C. Protein A-G-agarose beads (30 μl; Qiagen) were added to each sample and incubated for 4 hours at 4 C.
Beads were pelleted at 2000 ×g for 5 minutes and washed. Beads were resuspended in sample buffer and boiled for 10 minutes before immunoblot analysis using Biotin-labeled anti-CWP1 mAb (Waterborne Inc.) and streptavidin-HRP conjugate (Thermo Scientific)
to reveal the presence of native CWP1.
| Proteinase K protection assay
The digitonin or Triton X-100 Cell Permeabilization Followed by Digestion with PK was basically performed as described. 92 Briefly, glkdelr-ha, egfp-glkdelr and wild-type trophozoites were fixed with 4%
formaldehyde, permeabilized by addition of 0.1% digitonin or 0.1% of Triton X-100 (control) in PBS and treated (or not, for control) with 50 μg/mL of PK at 37 C. To terminate the PK reaction, 5 mM PMSF was added to all samples. Fluorescence was detected as described above for IFA using anti-HA mAb or by direct observation of the eGFP emission. 
| Video microscopy
| Bioinformatics
Proteomes from 223 different eukaryotic organisms were downloaded from JGI, BROAD and ENSEMBL and scanned using the KDEL receptor Pfam profile (PF00810) using HMMER. 93 Proteins obtained were aligned with PROMALS3D 94 and the resultant MSA (Multiple Sequence Alignment) was manually curated. BMGE was used to trim the MSA to minimize phylogeny reconstruction artefacts 95 The best model for phylogenetic inference was selected using ProtTest and the phylogeny was built using PhyML (model:
LG + I + G4).
95,96
| TIRF microscopy
Live trophozoites were observed using a ×100 1.4 numerical aperture objective equipped for through the objective TIRF illumination using a 488-nm argon laser on a PlanApo Olympus microscope with filter cubes optimized for fluorescein/GFP (Chroma Technology). Images were captured with a R2 CCD ORCA II-ER (Hamamatsu) camera and OSIS (Olympus) software. The images were taken at the rate of 1 frame per 5 seconds. These experiments were performed in triplicate.
